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In an attempt to determine whether the tightly bound Mg2+ found in purified tub& in associated with the N-site GTP or the E-site GDP or 
GTP, we removed the E-site nucleotide by several means: (it alkaline phosphatase treatment (iif displacement using excess GMPPFP; and (iii) 
~J~~~~~g tub&n in the presence of afkaline pbospbat~e and no~~by~oJy~bJe an&gues. The M&+ content remained equal to about I moJ/ 
mol tub&in under conditions where denat~t~~~ did not occur. Moreover_ the Mg/GTP ratio always remained equal to f. These resuJts &~dkate 
that the M@’ is associated with the N-site GTP. 
Tubulin; Magnesium; GTP 
It has long been known that the tubulin dimer con- 
tains one tightly bound Mg’+ [1,2] which can be remov- 
ed only by denaturing the protein, although it can be 
dispIaced by Mn2 f [3,4], Addi~~onaI Mg2 * in sol&an 
is required for efficient assembly of tubulin into 
microtubules [1,2]. Tubulin also contains two guanine 
nucleotide binding sites, one exchangeable with 
nucleotide in solution (E-site) and a non-exchangeable 
site (N-site). GTP is found bound to the N-site while 
GTP or GDP bind to the E-site wi$h high affinity. It is 
the E-site GTP which is hydroIyzed during the assembly 
process [5,6]. 
divalent cation is Iocat;ed spt he N-site f43_ Xn this report 
we provide additional evidence in suppart of the latter 
hypothesis. We find that upon removal of E-site 
nucleotide with alkaline phosphatase or by displace- 
ment with the non-hydrol~able analogues GMPPCP 
and GMPPNP, the %%g!GTP ratio remaiins equaf $0 I, 
suggesting that the Mg’” is associated with the N-site 
GTP. 
2. MATERIALS AND METHODS 
A fundamental question concerning the chemistry af 
tubulin is t,he Iocation of the tightly bound Mg2+ and its 
~eIa~~~sh~p to the bound nucfeotides, By studying 
Ma’ + binding to tub&n in which the E-site was partial- 
ly depleted of nucleotide, Jemiolo and &sham con- 
cluded that the high affinity binding was to the E-site 
nucleatide and that the N-site nucleotide did not con- 
tain bound cation f7f. In the interpretation of results 
from NMR studies designed to determine the distance 
between the fluorine in GTPfyF) and the tigh%Iy bound 
divalent metal, it was also assumed that the cation was 
situated at the E-site [8]. On the other hand, Correia et 
al. presented ata indicating that the slowly exchanging 
Bovine brain microtubub protein (MTP) was prepared by two 
cycles of assembly-disassembly [9]. Tubulin was purified by 
polymerizing the MTP in 0.4 M Pipes/lo% DMSQ and passing the 
cold redissolved pellet in 0.1 M PEM buffer (0.1 M Pipes, 1 mM 
EGTA, 1 mM MgSt&, pH 6.9) through Mg’:2*-saturated 
ph~pb~eJl~J~e and Bio Gd P-JO [JO]. Tub&in was eluied with 0. I 
M PEM buffer, pH 6.9, drop frozen in tip&d nitrogen and stored at 
- 70°C. The concentration of rubulin was determined by the Brad- 
ford assay [I. X] using bovine serum albumin as the standard and UV 
absorbance at 275 nm using an t value of 1.13 ml - mg - ’ . cm - ‘. 
2.2. Remavaf or dispLacemen f ofE-sife nwieotide 
DepJetion of B-site nucleotide was done by incubation of tub&n 
with alkaline phosphate (4 Uimg tubu~n~ in8_ I M PEM buffer. pH 
6.9, at room temperature, for 40 min. The rem&g sot&ion was gel- 
filtered by column centrifugation [JZ] into 0.1 M Pipes, pH 6.9, at 
4°C. In some cases the alkaline phosphatase treatment was done id 
Mg2 + -free buffer by first exchanging tubulin into 0.1 M Pipes, pH 
6.9, by gel-filtration. Alkaline phosphatase treatment was then done 
either at mom temperature or 4T. 
Abbrevk%ms: GTP, guanrxsine 5’-triphospbat~; GDP, guandsine 
5 ‘ -diphosphate; GMPPGIP, guanylyl (P,r-methylene) 
diphosphanate: GMPPNP, guanylylimidodiphosphonate; AP, 
alkaline phosphatase; Pipes, piperazine-N,N’-b&(2-ethanesulfonic 
acid); EGTA, ethylene gJycoJ bis(~-a~noetb~i ether~,~,~ ‘,N’- 
tetracetic acid 
~~s~~ac~e~t of E-site nucieotide with the GTP anak~gues, 
GMPPCP and GMPPNP, was undertaken by three protocols. The 
first protocol involved incubatiaa uftubulin with 1 mM GMPPCP (in 
0.1 M PEM buffer) for 20 min followed by gel-filtration or alkaline 
phosphatasc treatment as described above. In other cases tubulin cone 
taining GTP rrt the E-site, obtained by incubation with GTP followed 
by gd-filtration, was utilized because in the absence of MgZt the 
bjud~~gaffJ~Jt~ forGTP is Jowered by a factor of IQ3 fly. la this case 
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tubulin was incubated with a 130-fold excess of GMPPCP in the 
absence of MS’+. The third protocol involved incubation of tubulin 
with 1 mM GMPPCP or OMPPNP in 0.1 M PEM buffer at 4°C for 
10 min after which the solution was treaded with alkaline phosphatase 
at room temperature and then polymerized at 37°C. Microtubules 
thus formed were isolated by centrifugation at 100 000 x g and 37OC 
for 90 min through 40% sucrose and 10% DMSO in 0.1 M Pipes, pH 
6.9. Some pellets were cold-depolymerized in 0.1 M Pipes and the 
resulting solution assayed for protein, nucleotide and Mg*+ . Other 
pellets were rinsed in PEM buffer, cold-depolymerized in the same 
buffer and column-centrifuged through Sephadex G-50 into 0.1 M 
Pipes for subsequent nucleotide and Mg2+ analysis. 
2.3. Nucleotide and magnesium analysis of tubulin 
For nucleotide analysis of protein solutions, the protein was 
denatured with 2.5% perchloric acid and the perchlorate precipitated 
with a 4 M CH3COOH/iO M KOH mixture to bring the pH to about 
4.5. The supernatant was injected on a 4.6x250 mm Whatman 
Partisil-10 SAX ion exchange column and eluted with a gradient of 
0.2 M NaHzP04/0.2 M NaCl to 0.75 M NaHzPO&O.Z M NaCl, pH 
4.3, at 1 ml/min. Nucleotides were quantified by peak area measure- 
ment using the Sigma Scan software (Jandell Scientific) and com- 
pared to standards. 
Magnesium was analyzed by a Perkin Elmer atomic absorption 
spectrometer (Model 305B) using 0.1 M Pipes, pH 6.9 as a btank. 
3. RESULTS AND DISCUSSION 
The rationale for the following experiments is that, if 
the one Mg* + tightly bound to tubulin is complexed 
through the E-site nucleotide, removal of this 
nucleotide should result in removal of the Mg*+ . If, on 
the other hand, the Mg2+ is complexed to the N-site 
GTP, a constant ratio of one Mg* + per GTP should be 
found in tubulin lacking E-site nucleotide. The E-site 
nucleotide was removed by alkaline phosphatase treat- 
ment [ 141, by displacement with non-hydrolyzable 
nucleotide analogues (which in turn are easily removed 
by gel-filtration) and by a combination of both 
methods. 
To demonstrate that the procedures of E-site 
nucleotide removal do not adversely affect the tubulin 
structure we used the self-assembly assay, a sensitive 
assay for tubulin native conformation. As shown in 
Fig. 1, tubulin retained its ability to assemble into 
microtubules after alkaline phosphatase treatment in 
the presence of Mg* + . Gil-filtration of such tubulin in- 
to Mg2+ -free buffer, however, resulted in some 
dimunition of the rate and extent of assembly (Fig. 1). 
The extent of loss in assembly competence in the latter 
case varied with the time E-site depleted tubulin remain- 
ed in the absence of Mg’ + . 
Our phosphocellulose-purified tubulin typically con- 
tained about 0.7 mol GDP and I .3 mol of GTP respec- 
tively, per mol tub&in (Table I), indicating that approx- 
imately 30% of the dimers contained GTP at the E-site. 
Table I shows the results of Mg2+ and nucleotide assays 
of tubulin treated with alkaline phosphatase in the 
presence or absence of Mg*+ , followed by gel filtration. 
The results show a large decrease in GDP content from 
the E-site and a 1:l relationship between the bound 
r&g* + and GTP. Although the GDP and GTP from the 
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Fig. 1. Tubulin assembly in 0.1 M PEM buffer, pH 6.9, in the 
presence of 1 mM GTP and 10% DMSO at 37°C. (Curve 1) 15 pM 
phosphocellulose-purified tubulin. (Curve 2) 20 NM alkaline 
phosphatase-treated tubulin. (Curve 3) 28 pM alkaline phosphatase- 
treated tubulin followed by gel-filtration into Mg*+-free buffer. 
E-site were partially or completely removed there was 
no reduction in bound Mg* + . When alkaline 
phosphatase treatment was done in the absence of 
Mg2+, some denaturation of tubulin occurred, as 
evidenced by a loss of assembly competence and reduc- 
tion of the N-site GTP to 0.5, but the Mg/GTP ratio re- 
mained at 1. 
Treatment of tubulin with 1 mM GMPPCP (a 
16.7-fold molar excess over tub&n) was not effective in 
displacing nucleotide from either the E-site or N-site; 
however, in the presence of alkaline phosphatase the E- 
site nucleotide was removed (Table II). This result is 
consistent with previous results [15] and reflects the 
lOOO-fold higher affinity of tubulin for GDP or GTP 
than for the analogue. When a 130-fold excess of 
GMPPCP over tub&in (containing GTP at the E-site) 
was used in the absence of Mg*+ most of the E-site 
nucleotide was also displaced (Table II). Because 
GMPPCP binding is fairly weak [15], it does not re- 
main bound to the protein during gel filtration. The 
results in Table II demonstrate that depletion of E-site 
nucleotide with analogue was not accompanied by a 
decrease in Mg2+ content and the Mg/GTP ratio re- 
mained equal to about 1. 
Table 1 
Nucleotide and Mg*+ contents of tubulin after treatment with 
alkaline phosphatase in the presence and absence of Mg*+ 
Treatment Mg’ + GDP GTP Mg/GTP 
None 0.90 0.70 1.34 0.67 
Ap, Mg present, 24°C 1.06 0.00 0.97 1.09 
Ap, Mg present, 4’C 0.97 0.2 1 0.97 1.00 
Ap, Mg absent, 4°C 0.51 0.00 0.49 1.04 
Mg’ + and nucleotide values are given as mol/mol tubulin. 
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Table II 
Nucleotide and Mg’ + contents of tubulin after treatment with GMPPCPa 
Treatment Mg’ + GDP GMPPCP GTP Total Mg/GTP 
nucleotide 
1 mM GMPPCPb 0.89 0.51 0.00 1.36 1.87 0.65 
1 mM GMPPCP + APC 0.80 0.16 0.00 0.72 0.88 1.11 
5 mM GMPPCPd 0.73 0.11 0.04 0.75 0.90 0.97 
“Values for Mg’+ and nucleotide are expressed as mol/mol tubulin 
bTubulin, 6 mg/ml, incubated with 1 mM GMPPCP at 4°C for 20 min and gel-filtered 
‘Tubulin incubated with 1 mM GMPPCP at 4°C for 10 min, then with alkaline phosphatase at room temperature for 20 min and gel-filtered 
dTubulin with GTP at the E-site, 4 mg/ml, incubated with 5 mM GMPPCP at room temperature for 30 min in the absence of exogenous Mg’+ 
and gel-filtered 
Table III 
Mg’ + and nucleotide contents of alkaline phosphatase treated tubulin assembled in the presence of GMPPCP or GMPPNPa 
Assembly condition Mg’ + GDP GMPPCP GMPPNP GTP Total Mg/GTP 
nucleotide 
GMPPCP + APb 1.0 0.18 0.72 1.1 2.00 0.91 
GMPPCP + APE 0.84 0.16 0.00 0.91 1.07 0.92 
GMPPNP + APb 1.04 0.37 0.63 1.06 2.06 0.98 
GMPPNP + APC 0.88 0.33 0.06 1.01 1.4 0.87 
aMg2 + and nucleotide values are expressed as mol/mol tubulin 
blsolated microtubules were cold-depolymerized in 0.1 M PEM 
‘The cold-depolymerized microtubules were passed through a Sephadex G-50 centrifuge column 
Mg* + and nucleotide contents in tubulin polymerized 
in the presence of alkaline phosphatase and GMPPCP 
or GMPPNP were also measured. Previous results 
demonstrated that this resulted in the incorporation of 
analogue into the microtubule at the expense of GDP 
[ 151. Recovered microtubules showed good incorpora- 
tion of the analogues, 0.63-0.72 mol/mol tubulin, 
which was easily removed by subsequent gel filtration 
(Table III) but the Mg*+ content of tubulin was still 
close to 1 mol/mol, indicating that it was probably not 
bound to the E-site nucleotide analogue. 
The results of the experiments presented in this report 
show a clear correlation between the tightly bound 
Mg* + and the one GTP which is situated at the N-site. 
There is no correlation between the Mg*+ and the E-site 
nucleotide. Such a correlation suggests that the Mg* + 
may be complexed to the GTP at the N-site. In a study 
of Mn*+ binding to tubulin Correia et al. found two 
high affinity sites when GTP occupied the E-site in- 
dicating metal binding to both sites [4]. Our results are 
consistent with this finding which indicates that, under 
assembly conditions, GTP at the E-site is also complex- 
ed to the divalent cation. In a recent examination of the 
effect of Mg*+ on the kinetics of assembly induced by 
GMPPCP it was also concluded that 2 Mg* + /tubulin 
can be bound under some solution conditions during 
the assembly reaction [16]. In addition to nucleotide 
complexation at the N- and E-sites Mg* + (or Mn* ’ ) 
also binds to multiple weak sites [3,4,17]. These sites, as 
suggested by Correia et al. [4], may be situated in the 
highly acidic C-terminal regions of the (Y- and /3- 
subunits and may be important for stimulating the 
assembly reaction. 
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